Unsatisfactory results obtained by histological evaluation of liver tissue in iron loading diseases prompted us to study the distribution of the total liver iron, haem iron and ferritin iron in post mortem human liver tissue from two different sites of the same liver. The total liver iron content was measured by flameless atomic absorption spectroscopy in native liver homogenates and in acid digested liver tissue from 60 consecutive autopsies, and the results from the two methods were compared. From the standard deviation of the duplicate analyses, it was deduced that the liver iron is possibly inhomogeneously distributed. The CV duplo (22%) of total iron, measured in acid digested tissue was higher than the CV duplo (14%) of total iron in homogenates ffom liver tissue from which non-homogenized tissue e. g. vessel walls, fibrotic tissue, had been removed.
Introduction
While the liver is generally viewed as an homogeneous tissue, this is not always the case, especially in pathological conditions (1) . In the determination of iron in liver biopsy samples, conflicting results are reported for the sampling error, and it has been stated that there is a rather inhomogeneous distribution of total iron, especially in cirrhosis (2) . It is not always clear how the results of one biopsy or consecutive biopsies from patients should be interpreted. Some authors report that the iron content does not differ in needle biopsy specimens taken from the left, right or centre lobes of the liver (3) . We presumed that these conflicting data might be method-dependent when the influence of blood contamination is excluded (4) .
Traditionally the total iron or non-haem iron contents of the liver are measured chemically in acid digested tissue, and expressed as the amount of iron per amount of tissue weight (2) (3) (4) (5) . The weight includes functional liver tissue (liver parenchyma), connective tissue (vessels) and possibly fibrotic tissue, whereas the iron is mainly stored in functional liver tissue (6) . It is the iron in this latter tissue, which induces the harmful effects of iron overloading, such as fibrosis and possibly cirrhosis of the liver.
Moreover, the presence of fat and connective tissue (fibrosis, cirrhosis) will have its impact on the iron concentration in situ. Hence measurement of liver iron in functional liver tissue is preferred.
Our main interest is in partients with idiopathic haemochromatosis or haemosiderosis; the liver iron contents in these patients are of primary importance for diagnosis and therapy (6, 7) .
The diagnosis of haemochromatosis or haemosiderosis is made after histological examination and histochemical iron staining of liver biopsies. However, the degree of iron staining in histological slides does not necessarily reflect the total amount of iron present, which can be measured by chemical procedures after tissue destruction. For example, in Perfs staining method there is a difference in staining intensity between ferritin and haemosiderin iron, while transferrin is not stained at all (8) . This accounts for the poor correlation of results between histochemical and chemical methods for iron detection (9, 10) . From a physiological point of view, iron overloading leads to an excess of ferritin and the formation of haemosiderin, which is easily stainable and very important for determining the degree of haemochromatosis (7) . Chemical methods for iron analysis should therefore discriminate between haemosiderin and ferritin iron. In the present work a method for iron analysis in functional liver tissue, using graphite furnace atomic absorption spectroscopy is presented, which also fulfills the above mentioned prerequisites for chemical iron analysis. This method was compared with a method based on acid digestion* pf liver tissue, and the distribution of iron was studied.
Materials and Methods
Liver tissue and sample preparation Fresh human liver tissue from the right and left lobe was obtained from 60 consecutive autopsies. A portion of the tissue was processed for routine histologieal examination. The tissue was cut into small pieces (approx, 10 mg), frozen in liquid nitrogen and stored at -80 °C. Thawed material was washed three times with 15 ml ice cold isotonic saline for 5 min. For mineralisation, the washed tissue was dried (110°C, 2h), weighed and decomposed at 90 °C for 2 h in a mixture of concentrated sulphuric acid and nitric acid in a ratio of 1 + 1 (by vol.). Approximately 1 ml of decomposition mixture was added to 25 mg of liver tissue (dry weight).
Liver homogenate was prepared in 200 ul H 2 O per 10 mg washed liver tissue by 20 strokes with a loose fitting pestle in a glass homogenizer. The homogenate was strained to remove non-homogenized material such as connective tissue etc. before the measurement of total iron (vide infra) and protein (11) .
Atomic absorption spectroscopy
Flameless atomic absorption measurements were performed on a Perkin Elmer (Uberlirigen, F. R. G.) model 3030 spectrophotometer with deuterium background correction, equipped with a PE HGA 500 graphite furnace atomizer (programmable) and a PE AG 40 autosampler. The iron hollow cathode lamp was from Instrumentation Laboratory no. 89225 (Paderno, Italy). Due to the analytical sensitivity of this type of analysis, the samples (acid digested liver tissue or liver homogenate) must be diluted at least 200 times (by vol.) with 200 mmol/1 ammonium acetate containing 30 rnmol/1 nitric acid before analysis. In this way the method is also perfectly suitable for the analysis of needle biopsies, as never more than an equivalent of 0.2 mg tissue is required. The measurement was performed according to Kreeftenberg et al. (2) 
Histological examination
The 46 samples of liver tissue were also processed for histologial examination, and iron was stained by the Prussian blue reaction (Perfs staining). The iron content was graded according to the modified Rowe system (13), i.e. visual evaluation of iron staining by microscopy and classification into five grades according to intensity of staining in relation to the magnification.
Total iron in acid digested liver homogenate [^g/rng protein] Fig. 1 . Comparison of the iron contents, measured in native liver homogenate (y-axis) and acid digested homogenate (x-axis). y = 1.06x -0.21, n = 31, r = 0.98
Reagents
Unless specified outherwise, all reagents were purchased from Merck (Darmstadt, FRG).
Results
The influence of sample preparation on the total iron analysis
The influence of acid digestion was studied by comparing the iron determination in native homogenate and dried and acid-treated homogenate. This results in a correlation coefficient of 0.98 ( fig. 1) .
A comparison between iron, which is determined in dried, weighed and acid digested tissue (including nonhomogenized material) and iron, which is determined in native homogenate (without non-homogenized material) results in a correlation coefficient of 0.93 ( fig. 2) , Liver iron content
The distribution of the liver iron content is shown in table 2. Ferritin iron and protein were measured in 10 randomly selected liver homogenates; the iron core in the ferritin molecules was 0.21 + 0.05 (x + 2 SD), as calculated by the ratio of the total iron content to total ferritin. Haem iron in congested livers (n = 4) was first measured separately, but as these data were in good agreement with those obtained from other livers, they were included in the total group. The samples with a low total iron content contain predominantly ferritin iron and haem iron, and hardly any haemosiderin iron. With increasing iron stores, the ferritin iron increases, but above a total iron content of ca. 3 μg/mg protein most iron is stored in insoluble compounds e. g. haemosiderin ( fig. 3 ), which accounts for the difference between total iron and the sum of ferritin plus haem iron.
Influence of sampling
A fundamental problem in the determination of differences between the iron contents of different samples is that the comparison of analysis results is always influenced by the technical accuracy of the studied data. With insufficient analytical accuracy the possibility arises that real differences between samples may escape observation, or that observed small differences are due to analytical errors.
This problem was investigated by comparison of two remote tissue samples from the same liver with two samples from the same slice. We found that differences in iron concentrations between liver homogenates from different samples (method I) were smaller than differences between samples after acid decomposition (method II) and this was invariably found for both the samples from remote parts of the liver and for samples from the same locus (tab. 3). Moreover, taking into account the within-day coefficient of variation of the analysis (CV^um-day 4.5%), the differences between homogenates of samples from the same locus appeared to be small.
Histology
The results of the chemical liver iron determination were plotted against the grades of iron staining found by histological examination (fig. 4) . A poor correlation between these two assessments of the liver iron content was observed. There is a considerable range of chemically determined values in the histological grade 0-2. The overlap of histological grades for a given chemically determined value is conspicuous.
Discussion
As stated in the introduction, the liver iron content should be expressed as the amount of iron per amount of functional liver tissue and not per total tissue weight (wet or dry). This requirement can be approximately met by iron determination in liver homogenates, from which collagenous tissue has been removed. In addition, if the iron is expressed per mg protein the presence of fat deposits will have no in- fluence on the results. Moreover, the precison of iron determination in homogenates is better than in dried tissue samples (tab. 3, method I vs method II). Method comparison also shows that a better correlation coefficient is obtained between two iron determinations in homogenates freed from connective tissue etc. (designated as "functional tissue homogenates", fig. 1 ), than between an iron determination in functional tissue vs in total liver tissue ( fig. 2 ). This might be explained by the inhomogeneous distribution of tissue components like vessel walls, bile ducts, fibrotic (sclerotic) tissue and fat deposits. Only a few data are available from other publications on the distribution of iron at separate sites in the same liver, and in these publications, method dependency is not taken into account. It must be concluded from our results (tab.
3) that a large sampling error is not to be expected, when iron is appropriately measured, so that analytical bias does not really contribute to the observed differences. A correction for haem iron at low total iron contents might be needed, because blood clots can be distributed non-homogeneously in the liver tissue.
When the iron content is measured with flameless atomic absorption spectroscopy, sample preparation by destruction of tissue with strong acid before introducing it into the graphite furnace is not necessary. The instrument setting can be chosen to minimize matrix effects and imprecision. This is shown in figure  1 , where iron determinations in native liver homogenate and in acid digested homogenate are compared. The correlation is good (r = 0.98), but since acid digestion may accidentally introduce contamination, we prefer a direct analysis of liver homogenate. Moreover, in flameless atomic absorption a sample size of over 0.2 mg tissue is never required, so that needle biopsies can always be investigated.
A comparison of results for the iron content from different laboratories is often only possible after recalculation. For this recalculation we assumed that fresh liver tissue contains 80% water and that 50% of the dry weight is protein. When our data (tab. 2) are compared with the values found in the literature for a reference group (6, 10) , higher values for the iron content are to be expected, because the liver tissue was obtained post mortem from elderly people. The liver iron content increases with age (14) , whereas the haem iron content is somewhat higher in post mortem material than in fresh biopsy specimens (4).
Ferritin iron and ferritin protein were measured in the supernatant of heat denatured liver homogenates. This fraction contains to a large extent the total nonhaem iron pool in normal individuals (15 -18) . The iron core in the ferritin molecule can also be calculated and values between 0.10 and 0.40 of iron have been reported (4, 18) . We have found an average iron core in ferritin of 0.21 and will continue to measure this parameter routinely in biopsies. Although its clinical relevance is unclear, the data might be used for quality control purposes.
A correlation between the total iron content and the ferritin iron is depicted in figure 3 . A more or less linear correlation is seen up to a total iron concentration of 3 g/mg protein. This value is approximately in agreement with the value for the hepatic iron concentration above which values must be considered abnormal (10) . The ferritin iron appears to be relatively constant at elevated total iron concentrations, whereas insoluble iron (haemosiderin) increases. The increase in haemosiderin iron seems to be prognostic for toxic effects of iron overloading (7), but the clinical implication of the measurement of the ferritin iron/ haemosiderin iron ratio for the individual patients needs to be evaluated.
The increase in ferritin iron to a certain level and the concurrent increase in the ferrition iron/haemosiderin ratio was also found by Seiden et al. (15, 17) , although they use a Chromatographie method for the separation of haem iron, ferritin iron and haemosiderin in liver biopsies and focus on heavy iron overloading (Fe above 10 g/mg protein). Zuyderhoudt et al. (18) could not confirm that the ratio ferritin iron/haemosiderin fell with increasing iron overload. They suggest that storage conditions might be reponsible for this discrepancy, but we could not validate this. We could, however, not exclude the possibility that part of the ferritin becomes less soluble post mortem (before freezing the tissue) and is then determined as insoluble haemosiderin.
It is apparent that the histological iron grading is insufficient for a precise and accurate evaluation of the liver iron content. There is a considerable overlap between various histological grades in samples with comparable iron contents as determined by chemical analysis.
For better understanding, chemical methods of iron analysis have to include the determination of the different forms of iron and iron compounds. In this paper we have described chemical methods, but in our laboratory we also recently introduced a histochemical method for ferritin staining, in addition to iron staining with Perfs blue. It now seems that earlier reported discrepancies between data obtained either by chemical or by histochemical methods for iron analysis (9, 10) may be due to hitherto insufficient knowledge of the nature and distribution of the iron compounds concerned.
